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V I  ABSTRACT 
A method of intercalating large quantities of fibrous 
structures uses a rotatable reaction chamber containing 
a liquid phase intercalate. The intercalate liquid phase is 
controlled by appropriately heating, cooling or pressur- 
izing the reaction. Rotation of the chamber containing 
the fiber sample enables total submergence of the fiber 
during intercalation. Intercalated graphite fibers having 
metal-like resistivities are achieved and are conceivably 
useful as electrical conductors. 
4 Claims, 2 Drawing Sheets 
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Still further, another important advantage of the in- 
vention is the resultant 2 to  10 times higher electrical 
conductivity of the intercalated graphitized material 
over the untreated material. 
Yet another important advantage of the present in- 
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3 
vention is the high thermal conductivity of the interca- 
lated graphitized composite structures. The invention described herein was made by an em- olovee of the United States Government and may be 
manufactured and used by or for the Government for 
governmental purposes without the payment of any 
royalties thereon or  therefor. 
TECHNICAL F I E L D  
B A C K G R O U N D A R T  
U.S. Pat. No. 4,565,649 to Vogel discloses methods of 
preparing intercalated graphite compounds wherein the 
graphite materials are combined with an acid halide 
system in an inert atmosphere. The  intercalated fila- 
ments obtained are washed with distilled Water and 
to 
McQuillan et a1 disclosed a method of intercalating a 
in a tube with the intercalant, adding chlorine gas and 
~~~i~~~~ discloses the use 
of rotatable, cylindrical reaction vessel provided with 
an inlet for a reaction mixture and driving rotat- 
ing the vessel around an axis. 
IO 
The invention relates generally to intercalation of 
materials. The invention is particularly directed to  a 15 dried. 
method for intercalating large quantities of fibrous com- 
pounds including silicon, carbon and ceramics. 
for a method to  intercalate large quantities of graphite 
compounds. Such compounds are conceivably im- 2o sealing the tube under 
mensely useful as electrical conductors. This goal is 
apparently within reach because resistivities similar to 
silver have been obtained with AsFs intercalated highly 
graphitized fibers. 
u.s. Statutory Invention Registration No. 
There is an need in the current metal chloride into graphite fibers by placing the fibers 
u.s, Pat. No. 4,849,183 
Most prior art procedures for developing 25 U.S. Pat. No, 4,749,514 to  Murakami et a] disclosed a 
process for the preparation of graphite intercalation 
large surface area is placed in a reaction tube, evacuated 
graphite fibers envision embedding them either in a 
(typically chopped Or with Poly- 
metal o r  polymeric matrix. In the case of graphite fibers compounds wherein a graphitized film or sheet with a 
meric resins, problems with resistivity arise which ap- to vacuum and heated form an intercalated com- 
pear to be due to intercalate diffusing Out of the fibers. 30 pound. See CO]. 4, lines 60-63. The reference discloses 
The most serious problem is that the resistivity of this a number of examples wherein the intercalant is intra- 
type of composite is fundamentally limited by Percola- duced in various forms (1) the vapor phase (halogen 
tion of current through the matrix, and SO even the gases-F2. Br2, ICI, IBr), (2) in the liquid phase and (3) 
lowest resistivities reported for this type of composite dissolved in a solvent (e.g. metal halides). 
are on the order of R-cm. For many power applications, 35 
such as cabling and antennae, metal-like resistivities DISCLOSURE OF T H E  INVENTION 
(pR cm) will be required. According to the present invention, a fibrous com- 
There are no known O r  reported methods t o  interca- pound in the form of a mat or  cloth is rolled up and 
late high volume graphite fibers. In the Prior art, m a l l  inserted into a rotatable chamber. The chamber is then 
sections of fiber tow, a few inches long, are generally 40 sealed and evacuated. A liquid phase intercalate is intro- 
sealed in a glass Container along with the Intercalate, duced into the chamber in sufficient quantity so as to 
and heated to the reaction temperature. The' reaction totally submerge the material and thereby cause a reac- 
bulb is then shattered and the intercalated fibers re- tion therebetween. The resulting intercalated material 
moved. Thus, the prior art procedures are only applica- has a low metal-like resistivity and, thus, is useful for 
ble to laboratory scale reactions. In this venue, it is not 45 Dowyr aDDlication. 
A' 
practical to  intercalate more than a few tens of grams of 
fibers this way. Processing large volumes of graphite 
' 
BRIEF DESCRIPTION OF T H E  DRAWING 
fibers has thus proven to be unwieldy. 
It is, therefore, the objective of this invention to pro- 
vide a method of intercalating fibrous compounds. 
Another object of the invention is to  provide an inter- 
calated graphitized material having metal-like resistivi- 
ties. 
Still another object of the invention is to  provide a 
method for intercalating materials in large volumes. 
Yet another obiect of the invention is to Drovide a 
50 
55 
The foregoing, as well as other objects, features and 
advantages of this invention will become more apparent 
from the following detailed description when taken in 
conjunction with the appended figures in which 
FIG. 1 is a schematic view of the high volume rotat- 
able intercalation apparatus according to  the present 
invention; 
FIG.  2 is a schematic view of a rotatable intercalation 
amaratus suitable for fiber tows. " 
BEST M O D E  FOR CARRYING O U T  T H E  
INVENTION 
suitable intercalate for high temperature thermal con- 
ductive graphite composites. 
Still another obiect of the invention is to provide an 
apparatus for intercalating large volumes of fibrous 60 
compounds. 
Moreover, an important advantage of the present 
invention is that it allows the intercalation of large 
quantities of fibers. 
the intercalated material can be useful in catalytic and 
electrochemical applications, hydrogen isotope separa- 
tion, and latent heat storage. 
Development of intercalated highly graphitized fi- 
bers with low resistivities i s  achieved by using three 
grades of pitch based graphite fibers, Amoco P-55, P-75 
and P-100 and their bromine intercalation compounds. 
The starting fibers are selected based upon their ability 
Another important advantage of the invention is that 65 to form stable, well characterized intercalation com- 
pounds with bromine. Commercial availability of the 
starting material in spools of indefinite length is also an 
important selection criteria. The  Amoco fibers range in 
5,073,412 
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resistivity from 950 pR cm, for pristine P-55 to 50 pR 
cm for bromine intercalated P-100. 
The subject fibers are first woven into a cloth prior to 
intercalation. Six thousand filament strands of P-55 and 
P-75 fibers are woven into 11 X 11 yarnslinch ( 4 3 x 4 3  5 
yarns/cm) five-harness satin weave by Mutual Indus- 
tries, Inc. The resulting materials has an areal weight of 
Depending upon the subsequent reaction tempera- 
ture, additional vacuum may be applied after injection 
of the intercalate so that the pressure of the intercalate 
vapor 30 will not burst reaction chamber 10. 
On the other hand, if the intercalate is a solid at room 
temperature (i.e., lithium), bars or chunks of the interca- 
late are added after the fiber is added to  chamber 10. 
about 300 g/mz. TheP-100 is more brittle and,-thus, 
requires different handling procedures. Accordingly, 
only 2000 filament strands of the P-100 are woven into 
1 0 ~  10 yarns/inch ( 4 x 4  yarns/cm) in a plain weave by 
Fabric Development, Inc. Hence, a looser fabric having 
less filament breakage results with a areal weight of 
about 270 g/m2. 
Referring now to FIG. 1, according to the present 
invention, a reaction chamber 10 receives a rolled fi- 
brous sample 12 to  be intercalated. Each fiber type is 
cut into a 38x38 inch (96x96 cm) cloth or mat and, 
then. rolled into a predetermined configuration for in- 
sertion into chamber 10. The inlet end 14 of chamber 10 
has a diameter of four (4) inches (10 cm) for receiving 
sample 12 to be intercalated. Accordingly, the rolled 
fiber radius must be large enough not to cause apprecia- 
ble fiber damage, but small enough to fit within the 
reaction chamber 10. 
Moreover, chamber 10, which forms a reservoir 20 
therein for containing the intercalate, is preferably 
made of a material inert to the intercalate, such as glass 
or quartz in the present invention. Other materials, 
however, may be used. For example, aluminum may be 
used in the case of intercalates comprising fluorinated 
compounds. 
Turning next to FIG. 2, fiber tow samples 12, alterna- 
tively, must be first wound around a mandril 18 some- 
what smaller than the reaction chamber 10 inlet end 14. 
Mandril 18. having fiber tows 12 thereon, is inserted 
into the inlet end 14 of the reaction chamber 10. Mandril 
I8 is securely attached to chamber 10 at both inlet end 
14 and outlet end 16 by a plurality of fingers 22. Hence, 
in this embodiment, mandril 18 and reaction chamber 10 
share a common rotational axis. In this case, enough 
intercalate is added to the reaction chamber 10 such that 
space 20 between the bottom of mandril 18 supporting 
fiber tows 12 and the reaction chamber 10 is fully filled 
with fluid. 
The inlet end 14 of chamber 10 is then sealed and the 
chamber evacuated to about torr through control 
valve 24 at outlet end 16. Intercalate in the liquid phase 
is then introduced through valve 26 into reaction cham- 
ber 10. 
In the preferred embodiment, a bromine intercalate is 
used with the graphitized fiber. However, other materi- 
als may be used including a halogen (such as IBr, ICI, 
etc.), a metal halide (such as AsF5, SbC15, etc.), a reac- 
tive metal (Li, K, Rb, Cs, etc.) or any combination 
thereof. Enough intercalate is added to thoroughly soak 
the sample during the intercalation process so that sam- 
ples 12 are submerged several times under the bromine. 
The method of adding the intercalate to the reaction 
chamber 10 depends upon the specific intercalate. If the 
intercalate is a liquid at room temperature (i.e., bro- 
mine), then chamber 10 is first evacuated to  remove 
contaminants to at least a mechanical pump vacuum 
(10-3 torr) level. The sensitivity of the intercalate to the 
air will dictate how stringent this reauirement is. A 
This must be done in a controlled environment 32 if the 
intercalate is air sensitive and back-tilled with an inert 
10 gas. The reaction chamber 10 is sealed and then evacu- 
ated to minimize pressure build-up upon heating to 
achieve the liquid state. Thus, during the intercalation 
process, intercalate liquid phase control is an important 
step in the process. Chamber 10 is then rotated so that 
l 5  all parts of the fiber sample are submerged at some point 
during the process. This, then, results in the fibrous 
structures being in continuous contact with the interca- 
late. Moreover, this rotational submergence causes a 
reaction between sample 12 and intercalate and, thus, 
2o culminates in intercalation. Capillary action causes the 
bromine to soak into sample 12. Thus, the conditions are 
intermediate between a vapor phase and a liquid phase 
intercalation. 
At the conclusion of the reaction, excess bromine 
intercalate is removed from chamber 10. The preferred 
method for removing the intercalate is flushing cham- 
ber 10 with an inert gas stream, although other proce- 
dures in the art may prove feasible. Subsequently, inter- 
3o calated sample 12 is purged of intercalate residue. In the 
present invention, this is accomplished by rinsing sam- 
ple 12 with bromoform, a solvent, when bromine inter- 
calate is used. This process is complete when the resid- 
ual solvent is colorless. The bromoform lubricates the 
3s graphite filaments, leaving sample 12 very pliable. Sam- 
ple 12 is then removed from chamber 10 and laid out on 
a flat surface to  dry in ambient air. At room temperature 
under bromine atmosphere there is bromine mass up- 
take of about 44% of the carbon mass, or about 130 
40 grams of bromine per cloth. The final intercalated fiber 
has about 18% bromine by mass, or about 55 grams per 
cloth. 
Turning finally to  the resistivity of the composites 
fabricated from the intercalated compounds by Rohr 
45 Industries, Inc., the R. F. Eddy current resistivities 
(theoretical and Four Point Resistivity test comparative 




Graphite Composite Resistivities 
so 
P-55 P-75 P-100 -- 
Measurement oris Br, oris Br, DrlS Br, 
~~ 
Fiber Resistivity, 950 370 760 380 430 67 
Calculated Resistivity, . 3380 1370 2590 960 1030 280 
pR cm 
R. F. Eddy Current 4320 2020 3920 1190 2010 490 
Resistivity, pR cm 
Four-Point Resistivity (V), 4370 2040 4010 1300 1530 650 
55 ~ Q c m  
The overall trend is for the composite resistivity to be 
dominated by the fiber type. Thus, the most conductive 
fibers (Bromine intercalated P-100) result in the most 
65 conductive comDosites. Moreover. comDosite resistiv- c 
valve 26 is opened and the intercalate reservoir 28 is 
raised above the level of the reaction chamber 10, such 
that it drains by gravity flow into chamber 10. 
ity tivity is dominated by fiber resistivity, lowering the 
intercalation in accordance with the present invention, 
results in lowering the composite resistivity. 
5,073,412 
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While the invention has been described with refer- 
ence to certain preferred embodiments thereof, those 
skilled in the art will appreciate that various modifica- 
tions, changes. omissions and substitutions may be made 
without departing from the spirit of the invention. It is 
intended. therefrom, that the invention be limited only 
by the scope of the following. 
rotating said chamber thereby submerging said cloth 
cylinder in said intercalate to  produce a reaction 
therebetween culminating in intercalation; 
removing excess intercalate from said chamber; 
purging intercalate residue from said cloth cylinder; 
removing said cloth cylinder from said chamber; 
unrolling said cloth cylinder thereby forming a sub- 
drying said flat mat in ambient air. 
2. The method of claim 1 further comprising the step 
so as to  maintain the liquid phase of the bromine interca- 
late, thereby allowing said bromine to  soak into said 
cloth cylinder by capillary action. 
3. The method of claim 1 wherein said introducing 
step includes adding enough bromine intercalate to  
thoroughly soak said cloth cylinder. 
4. The method recited in claim wherein said purg- 
ing intercalate residue step includes the step of lubricat- 
stantially flat mat; and 
What is claimed is: 
10 '' A method for graphitized fiber of controlling the reaction during the submerging step 
comprising: 
assembly spools of pitch based graphite fibers; 
weaving said fibers into cloth; 
rolling said cloth into a cloth cylinder 
inserting said cloth cylinder into a tubular chamber; 
sealing said chamber with said cloth cylinder therein; 
evacuating said chamber; 
introducing a bromine intercalate in a liquid phase 20 ing said fibers. 
15 
into said chamber; * * * * *  
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